A primary antioxidant enzyme in mitochondria, manganese superoxide dismutase (MnSOD), plays a critical role in the survival of aerobic life. It is well documented that, compared with normal cell counterparts, MnSOD level is decreased in neoplastic transformed cells but is increased in aggressive cancers. However, the underlying mechanism for the observed dysregulation of MnSOD in cancer is unknown. We have identified previously a unique set of mutations located in the promoter region of the SOD2 gene in several types of cancer cells. We found that a C-to-T transition at -102 and an insertion of A at -93 down-regulate MnSOD transcription by interrupting the formation of a single-stranded loop that is essential for a high level of promoter activity. Here, we show that the additional downstream mutation, C-to-G transversion at -38, creates a binding site for the transcription factors specificity protein 1 (Sp1) and activating protein 2 (AP-2). The promoter function is regulated by the relative levels of Sp1 and AP-2. In cytokine-induced expression of the SOD2 gene, Sp1 cooperates with a transcriptional complex containing nuclear factor-KB and nucleophosmin. The presence of AP-2 attenuates this induction. Our results suggest that the high level of MnSOD observed in aggressive cancer cells may be due, in part, to the absence of AP-2 transcriptional repression. (Mol Cancer Res 2008;6(12):1881 -93) 
Introduction
Manganese superoxide dismutase (MnSOD), a nuclearencoded mitochondrial primary antioxidant enzyme, catalyzes superoxide radicals into molecular oxygen and hydrogen peroxide, which are further reduced into water by peroxidemetabolizing enzyme systems (1) . Oxidative stress is thought to be one of the important pathogenic factors of cancer development and abnormal levels of MnSOD in cancer have been documented. MnSOD expresses at a lower level in many types of transformed and neoplastic cells, suggesting that loss of MnSOD activity may be a general characteristic of tumorigenesis (reviewed in ref. 2) . Consistent with this possibility, overexpression of MnSOD has been shown to suppress tumor growth in nude mice and to inhibit the metastasis of transplanted tumors (3) . MnSOD mimetic pretreatment also significantly reduces 7,12-dimethylbenz[a]anthracene/12-O-tetradecanoylphorbol-13-acetate-induced skin tumor incidence (4) .
In contrast to the association between reduction of MnSOD and tumorigenesis, evidence that a high level of MnSOD is correlated with nuclear factor-nB (NF-nB) activation is found in various aggressive tumors. Activation of the NF-nB pathway, leading to the induction of prosurvival proteins including MnSOD, has been implicated in the resistance of cancer cells to chemotherapy and radiotherapy (reviewed in ref. 5 ). Consequently, suppressing MnSOD by inhibiting the NF-nB pathway results in enhanced radiosensitivity of prostate cancer cells (6, 7) . Although some studies have implicated MnSOD in the differential regulation of cancer cells, the mechanistic link between MnSOD reduction and induction at different stages of cancer remains unknown.
Human MnSOD is an 88.6-kDa tetrameric protein containing a Mn 2+ -associated with each subunit. It is encoded by the human SOD2 gene located at 6q25 and is highly conserved in mammals (8) . The human SOD2 gene is activated by a proximal promoter region that is characterized by the absence of TATA or CAAT box and the presence of multiple CpG islands (9) . Transcription factors specificity protein 1 (Sp1) and activating protein 2 (AP-2) can directly bind to the CpG islands to differently regulate promoter activity (10) . Sp1 plays a central role in transcriptional activation of the SOD2 gene, which is consistent with observations from studies of many other human genes that contain TATA-or CAAT-less promoters. In contrast, AP-2 plays a negative role in transcriptional regulation of the SOD2 gene by attenuating Sp1 function (11) .
MnSOD expression is rapidly up-regulated in response to oxidative stress. Numerous studies have shown that MnSOD is induced in various types of cells and tissues by toxic stimuli and treatments, such as tumor necrosis factor-a, interleukin-1h, and 12-O-tetradecanoylphorbol-13-acetate (TIT; 12), dinitrophenol (13) , paraquat (14) , UV (15) , and ionizing radiation (6) . A second intron 2 element (I2E) containing a NF-nB-binding site has been identified in both human and mouse sod2 genes and is responsible for cytokine-mediated induction of MnSOD (16, 17) . Interaction between the Sp1-based promoter and the NF-nB-based enhancer is thought to be essential for transcriptional induction. A recent insight from our investigations showed that nucleophosmin (NPM) functions from a distance as a coordinator between the proximal promoter and the NF-nB enhancer (12, 18) .
In an effort to determine the cause for the deregulation of MnSOD expression in cancer, we have identified several mutations located in the promoter region of the SOD2 gene of several cancer cell lines (19) . One of these mutations was confirmed in molecular epidemiologic studies (20) . In the present study, we conducted cell-based transcriptional analysis using both cancer and transformed cell lines to delineate the transcriptional mechanism altered by these mutations. The results suggest that the mutations in the SOD2 promoter facilitate an AP-2-dependent modification of MnSOD expression in cancer cells.
Results

Mutations Identified In Cancer Cells Alter SOD2 Promoter Activity
We identified previously three mutations in the proximal promoter region of the SOD2 gene from human cancer cell lines (19) . As illustrated in Fig. 1A , these mutations contain C-to-T transition at -102 (M1), A insertion at -93 (M2), and C-to-G transversion at -38. Transcription factor database searching indicates that the M3 creates a binding site for both Sp1 and AP-2. In addition, although M1 and M2 are unlikely to change the binding motif for known transcription factors, the sequence change apparently interrupts the formation of a singlestranded loop, which has been shown to be an important structure for the promoter function (12) . To verify that Sp1 and AP-2 regulate MnSOD expression, the levels of the three proteins were measured using immunoblots. In cancer cells, high levels of MnSOD correlate to high levels of Sp1 and low levels of AP-2, whereas, in transformed cells, low levels of MnSOD are associated with high levels of AP-2 and low levels of Sp1 (Fig. 1B) . To elucidate the effect of an individual mutation on transcriptional regulation, M3 was separated from M1-M2 to generate promoter-reporter constructs that contain only M1-M2 or M3. Because transcription factors Sp1 and AP-2 have been shown to directly regulate SOD2 promoter activity (11), VA13 cells, low levels of constitutive Sp1, and HepG2, AP-2a-deficient cells (21) were transfected with the resulting reporter constructs to examine the regulation of transcription by the mutated promoter sequences. The results show that the presence of M1-M2 resulted in transcriptional reduction in both cell lines (Fig. 1C and D) . Interestingly, the presence of M3 differentially modulates promoter activity in the two cell lines, that is, decreases activity in VA13 cells and increases activity in HepG2 cells. The combined effect from the three mutations also resulted in down-regulation of transcription in VA13 cells but up-regulation of transcription in HepG2 cells.
Mutation at -38 Creates Binding Motifs for Sp1 and AP-2
To determine how mutations affect transcriptional regulation by Sp1 and AP-2, Sp1 and AP-2a expression constructs were cotransfected with promoter-reporter constructs into HepG cells. Increasing Sp1 level in HepG2 cells markedly elevates promoter activity. In contrast, expression of AP-2a in HepG2 cells significantly suppresses both constitutive and Sp1-activated promoter activities (Fig. 2A) . The presence of M1-M2 reduces promoter activity. In contrast, the presence of M3 leads to an enhanced effect by Sp1 and a repressed effect by AP-2a. The repressive effect of AP-2 on the wild-type or the mutant promoter was further analyzed by transfecting various concentrations of the AP-2a expression construct into the HepG2 cells (Fig. 2B) . The promoter activity is reduced in a dose-dependent manner when the cells express AP-2a. Importantly, AP-2a has a greater negative effect on the mutant promoter than on the wild-type promoter.
To verify the effect of M3, electrophoretic mobility shift assay was done to determine whether Sp1 and AP-2a bind to the promoter region containing M3. A promoter fragment was radiolabeled to generate both wild-type and M3 probes. AP-2a protein was ectopically expressed in HepG2 cells. Nuclear extracts from the transfected cells were probed and specific bindings of Sp1 and AP-2 were detected by the respective antibodies (Fig. 2C ). As shown in Fig. 2C , in comparison with the wild-type probe without detectable binding activity, the M3 probe shows both Sp1 and AP-2 binding activities with HepG2 nuclear extracts. Importantly, the AP-2 binding activity is dosedependently increased as the concentration of AP-2a is increased. Thus, the results of electrophoretic mobility shift assay are consistent with the reporter assay, suggesting that the effect of M3 on transcription is dependent on the relative level of AP-2 and Sp1.
Promoter Mutations Affect Transcriptional Induction
To detect whether the mutant promoter also affects transcriptional induction of the SOD2 gene, enhancerpromoter-reporter plasmids containing mutations in the promoter region were constructed. After transfection of the resulting reporter constructs, cells were simultaneously treated with TIT. Transcriptional induction was estimated by normalizing the treatment groups with the corresponding untreated groups. The induction fold decreases when reporter constructs containing the mutant promoter are used in VA13 cells (Fig. 3A) . However, the induction response in HepG2 cells is differentially regulated by an individual mutation in the promoter region. Although the response by the M1-M2-containing promoter is decreased, the response by the M3-containing promoter is increased (Fig. 3B) . These results are consistent with the results from the promoter analysis shown in Fig. 1 , suggesting that mutations also modulate transcriptional induction through promoter-enhancer coordination.
Transcription Factors Regulate Induction
To determine whether NF-nB affects mutation-mediated alteration in transcriptional induction, the effects of p50, p65, and NPM were investigated. Expression constructs of those proteins were cotransfected with enhancer-promoter-reporter constructs into HepG2 cells and followed by TIT treatment. The expressed proteins were verified by immunoblots (Fig. 4A) . Reporter analysis indicates that overexpression of p50 or p65 results in increased constitutive transcriptional level, but it does not significantly alter TIT-mediated induction. High levels of p50 and p65 do not change transcriptional patterns affected by mutations. Notably, a high level of NPM enhances both constitutive and inducible transcription. The presence of mutations appears to reduce NPM-mediated transcriptional activation, which is consistent with our previous finding that M1-M2 interrupts the formation of a single-stranded loop structure in the promoter region (12) . To confirm the effect of each protein, short interference RNA (siRNA) molecules were cotransfected with reporter constructs into HepG2 cells. The expression of siRNA-based knockdown was confirmed by were cotransfected with a h-gal internal control (0.1 nmol/L) into VA13 (C) and HepG2 (D) cells. The promoter activity was determined by h-gal-normalized luciferase reporter responses. *, P < 0.01, significant differences in the promoter activity compared with the wild-type promoter.
immunoblots and the effect of siRNA on transcriptional induction was determined by reporter responses. Because the three mutations occur in cancer cells as a common mutation set in the promoter region (19) , the M1-M2-M3 was used to serve as the cancer-type promoter in subsequent experiments. Reduction of p50 results in increased constitutive transcription but not in inductive transcription. Reduction of p65 and NPM represses both constitutive and inducible transcriptions. Compared with the wild-type promoter, reduction of p50 enhances transcription by the presence of mutations, whereas reduction of p65 and NPM reduces transcription (Fig. 4B ). These results indicate that the transcriptional enhancers NF-nB and NPM have no direct effect on regulating promoter activity through mutations, but they do affect transcriptional induction by interacting with promoter-binding proteins.
Because Sp1 and AP-2 can directly regulate promoter function, the roles of Sp1 and AP-2 in mutation-mediated alterations in transcriptional induction were further investigated. Expression of Sp1or AP-2a levels in HepG2 cells shows a Sp1-dependent increase or an AP-2a-dependent decrease in transcriptional induction ( Fig. 5A and B) . The effects of siRNA-based knockdown of Sp1 and AP-2a in VA13 cells, as confirmed by immunoblots, consistently show a decrease in transcriptional induction when Sp1 is reduced but an increase in transcriptional induction when AP-2a is reduced (Fig. 5C) . Importantly, the effects of Sp1 and AP-2a are enhanced by the presence of mutations. Together, these results indicate that the presence of mutations affects both constitutive and inductive transcription via the changed Sp1 and AP-2 binding motifs.
Mutation at -38 Alters Transcriptional Modification
DNA-protein and protein-protein interactions were investigated using chromatin immunoprecipitation and two-hybrid were co-transfected with the promoter-reporter constructs into HepG2 cells. The increased AP-2a was verified by immunoblots. The effect of AP-2a on the reporter activity driven by different promoters was determined. The vector DNA was added to make an equal molar concentration of total DNA in each transfection. *, P < 0.01, significant differences in the promoter activity compared with vector-only (A) or the wild-type promoter (B). C. Alteration of Sp1 and AP-2 binding activities by the mutation at -38. Nuclear extracts from AP-2a-transfected HepG2 cells were incubated with probe containing the wild-type (WT ) or cancer-type (M3 ) at -38. Self-and nonself-polynucleotides (100-fold) were added to identify the specific bindings for Sp1 and AP-2 (arrows ). Open arrows, supershift bands (SS ) by Sp1 and AP-2a antibodies. Sequences of probes are shown (bottom ) and the M3 position is underlined.
systems to explore the molecular mechanism by which AP-2 modifies MnSOD expression in cancer cells. First, chromatin isolated from HepG cells was immunoprecipitated using antibodies to p65, Sp1, and NPM with IgG and TFIIB antibodies as controls. The contents of DNA and proteins in the precipitated chromatins were quantified by PCR and immunoblots, respectively. As shown in Fig. 6A (top) , both SOD2 enhancer and promoter regions are precipitated, whereas no precipitation of the enhancer region is observed in the IgG control. No amplification is observed in the SOD2 exon 2 region that was used as an untargeted control. The levels of the precipitated enhancer and promoter fragments are increased in response to TIT treatment but are not increased in the GAPDH promoter fragment precipitated by the TFIIB antibody, which served as a loading control. The levels of p65, Sp1, and NPM proteins in the precipitated chromatins are also increased in response to TIT treatment but are not increased in the IgG control. Second, chromatins from both VA13 and HepG2 cells were immunoprecipitated by the NPM antibody. The SOD2 enhancer-promoter regions as well as Sp1 and p65 proteins were quantified. The enhancer and promoter regions pulled down from the two cell lines are increased in response to treatment. As predicted, AP-2a in VA13 cells is pulled down and its level is also responsive to treatment, but HepG2 cells are not responsive (Fig. 6B) . Because AP-2 is absent in HepG2 cells, this result suggests that AP-2 may be involved in the transcriptional complex that contains NF-nB, NPM, and Sp1. Third, to determine whether AP-2 interacts with these proteins in the chromatin, AP-2a was expressed in HepG2 cells and chromatin was precipitated by the NPM antibody. Both SOD2 enhancer and promoter regions in the pulled-down chromatins are increased in an AP2a dose-dependent manner. The levels of AP-2a, p65, and Sp1 in the chromatins consistently increase in the same manner (Fig. 6C) . Fourth, a two-hybrid system was used to verify the interaction between AP-2a and other proteins. An AP-2a-Gal4 fusion protein containing a Gal4 binding domain was activated by p65-, NPM-, or Sp1-linked VP16 activation domain (Fig. 7A) . Activation through interaction between AP2a and Sp1 or between AP-2a and p65 is abolished when NPM is reduced by its specific siRNA, indicating that the AP2a directly interacts with NPM (Fig. 7B) . Because NPM is able to interact with Sp1 and p65 (12), AP-2a may indirectly interact with Sp1 or p65 in the presence of NPM. To probe this possibility, the two-hybrid system was done by linking Sp1-or p65-Gal4 binding domain to NPM-VP16 activation domain in the AP-2a-transfected HepG2 cells. The results show that AP-2a interrupts both Sp1-NPM and p65-NPM interactions ( Fig. 7C and D) . Finally, immunoprecipitation was used to verify direct interaction between AP-2 and NPM. Nuclear extracts from the TIT-treated or untreated VA13 cells were precipitated by AP-2a antibody or IgG control. Supernatants and pellets were collected and immunoblotted with antibody to Sp1, NPM, or p65. As shown in Fig. 7E , compared with the control IgG pulled-down samples, the AP-2a antibody can only pull-down NPM from the extracts, as no Sp1 or p65 was found in the immunopellets. These results suggest that AP-2 interaction with NPM may interfere with NPM function as a transcription enhancer.
Discussion
Reactive oxygen species is an important mediator in the initiation and promotion of neoplastic growth (22) (3, 25) . The reduction of MnSOD activity in neoplastic and transformed cells is regulated at the transcriptional level (26) . Methylation of the CG-rich promoter region is involved in the reduction of MnSOD (27) . Increased methylation of CpG islands in the SOD2 promoter region is correlated with decreased histone acetylation, leading to reduction of MnSOD in breast cancer cells but not in their normal cell counterparts (28) . In addition to transcriptional regulation, a T-to-C mutation was identified in the exon 2 of the SOD2 gene, which is promoter-reporter constructs (0.3 nmol/L) were cotransfected with expression constructs of p50, p65, NPM, or vector only (0.5 nmol/L) plus h-gal control (0.1 nmol/L) into HepG2 cells followed by TIT treatment. The increased levels of p50, p65, and NPM were determined by immunoblots (left ) and the effects of these proteins on transcriptional stimulation were determined (right ) using the wild-type (I2E-WT ; top ), mutations in the loop structure (I2E-M1-2; middle ), and the cancer-type (I2E-M1-2-3 ; bottom ). B. Down-regulation of p50, p65, and NPM in HepG2 cells. The reporter constructs (0.3 nmol/L) were cotransfected with siRNAs for p50, p65, NPM, and a control siRNA (5 nmol/L) plus h-gal control (0.1 nmol/L). Reduction in levels of the siRNA targeted proteins was measured by immunoblots (bottom ) and induction folds were determined by reporter assay. Induction folds compared with untreated controls are indicated above the histogram bars. *, P < 0.01, significant differences in the luciferase activity compared with vector-only control (A) and control siRNA (B) in both untreated and TIT-treated groups.
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associated with risk of prostate and breast cancers. The mutation leads to a change of Val to Ala at the -9 position of the mitochondrial targeting sequence, which affects the transport of MnSOD into mitochondria (29) .
Although a reduced level of MnSOD has been found in neoplastic and transformed cells, numerous reports show that the level of MnSOD is high in many types of aggressive tumor tissues (6, (30) (31) (32) (33) (34) . In some cases, increased MnSOD expression is correlated with dysfunction of p53 (5, 30, 35) . The high constitutive level of MnSOD in these tumors renders them chemoresistant and radioresistant (5, 7, 36) . To address the question of how MnSOD is differentially regulated in AP-2, a transcription factor binding to the CpG islands in the enhancer or the promoter regions of many genes in mammalian cells, contains isoforms of AP-2a, AP-2h, AP-2g, AP-2y, and AP-2q. AP-2 mediates either activation or repression of its target genes (37) . For down-regulation of its target genes, AP-2 has been shown to diminish Sp1-dependent transcription via competing with Sp1 for binding to the GC-rich promoters (11, 38, 39 ). The present study shows that the effect of mutations on transcription regulation of the SOD2 gene is dependent on the relative levels of Sp1 and AP-2. Thus, high levels of MnSOD in some cancer cells may be due to low levels of AP-2. In addition to AP-2 directly interacting with its ciselement, it has been reported that AP-2 regulates its target genes through interacting with other transcription factors, such as Rb, Myc, or p53 (40) . Notably, AP-2a directly interacts with p53 via p53-binding sites, resulting in up-regulation of the cyclindependent kinase inhibitor p21 WAF/CIP1 (41) . Recently, Liu et al. showed that recruitment of NPM to an AP-2-binding site leads to an alleviation of gene repression by retinoic acid and AP-2a (42) . The present study shows that AP-2a may repress TIT-mediated transcriptional induction of the SOD2 gene by interrupting NPM function. Thus, AP-2a can suppress MnSOD expression either by directly competing with Sp1 for the binding site or by interacting with NPM.
AP-2 is developmentally regulated, retinoic acid-inducible, and necessary for normal development. It participates in the regulation of various cell processes, including apoptosis, cell growth, and cell differentiation (43) . Down-regulation of AP-2 in cancer has been reported in melanoma, breast, prostate, lung, and colon cancers, indicating that the loss of AP-2 is associated with a malignant phenotype (44) . Overexpression of AP-2 has been shown to suppress tumorigenicity (45) , suggesting that AP-2 may function as a tumor suppressor gene. It has been shown that AP-2 inhibits tumor cell growth by inducing expression of cell cycle inhibitor p21 WAF1/CIPI through the p53-dependent (46) or p53-independent (47) pathway. AP-2 also suppresses cell proliferation by inhibiting transaction of Myc or induces apoptosis by mediating Rb-mediated activation of the bcl-2 gene (48) .
Our study, which shows that Sp1/AP-2 ratio plays an important role in the expression of the SOD2 gene, reveals a novel mechanism by which MnSOD is altered in cancer cells. Loss of AP-2 in tumor cells alters Sp1/AP-2 ratio, resulting in up-regulation of MnSOD. A high level of MnSOD in advanced cancer cells may cause resistance to chemotherapy and radiotherapy. The results obtained from the present study extend to show a potential role of mutations in tumor cells and predict up-regulation of MnSOD by derepression of AP-2 as depicted in Fig. 8 . Genetic instability mediated by reactive oxygen species may contribute to the formation of mutations in the SOD2 promoter region, which enhances AP-2-based transcriptional repression of the SOD2 gene. During malignancy progression, expression of AP-2 is attenuated, resulting in transcriptional activation of the SOD2 gene by Sp1. Thus, the present study identifies the first molecular event that may explain the cause for the reduction or the induction of MnSOD in various types of cancer. This finding may be beneficial for the development of novel strategies to prevent cancer progression and to enhance cancer therapy.
Materials and Methods
Plasmid Construction
A luciferase reporter gene driven by the human SOD2 promoter (P7) or by the human SOD2 I2E with the P7 promoter (I2E-P7) was constructed before the study (17) . In this study, mutations identified in cancer cells were separated into two reporter constructs, M1-M2 and M3, as shown in Fig. 1A . A 102-bp PvuII-HindIII fragment containing wildtype sequences was subcloned into the reporter constructs containing the promoter with the M3 to generate the M1-M2 reporter constructs. Additionally, a fragment containing the M3 replaced the wild-type sequence to generate the M3 reporter constructs. The generated constructs were confirmed by DNA sequencing. Moreover, plasmids used in this study for expressing transcriptional regulators were constructed before the study (12) .
Cell Transfection and Treatments
Cell lines used in this study were obtained from the American Type Culture Collection and grown in the recommended medium: SV40-transformed human lung fibroblast WI38 (VA13), human hepatocellular carcinoma (HepG2), papillomavirus-transformed human prostate epithelium (PZ-HPV-7), and human prostate carcinoma/adenocarcinoma (LNCap, PC-3, and DU145). For transfection, cells were plated in 12-well culture plates at a density of 5 Â 10 5 in 1 mL culture medium per well. The cells were cultured overnight and then transfected with the reporter constructs or cotransfected with expression constructs of p50, p65, Sp1, AP-2a, and NPM. A h-galactosidase (h-gal) expression construct was cotransfected to control cell transfection efficiency. Lipofectamine 2000 reagent (Invitrogen) was used to perform cell transfection according to the manufacturer's protocol. For induction of MnSOD, the cells were treated with three inducers for 12 h: 100 units/mL recombinant human tumor necrosis factor-a (R&D Systems), 2 ng/mL recombinant human interleukin-1h (Endogen), and 100 mmol/L 12-O-tetradecanoylphorbol-13-acetate (Sigma). For reporter assay, the cells were washed with 1Â PBS and lysed in Passive Lysis Buffer (Promega). Activity of the luciferase reporter was measured using a luciferase assay kit (Promega) with a TD-20/20 luminometer. h-Gal activity was measured using chlorophenol FIGURE 6 . Interaction between transcription factors in chromatin. A. Interaction between p65, Sp1, and NPM. Chromatins from the treated and untreated HepG2 cells were precipitated using p65, Sp1, NPM, TFIIB, or IgG antibody. The SOD2 enhancer and promoter regions were analyzed by PCR (top ). A fragment of the exon 2 of the SOD2 gene and the GAPDH promoter region were amplified as an untargeted control and a loading control. IgG-precipitated product served as a negative antibody control. Additionally, p65, Sp1, and NPM in the precipitated chromatin were quantified by immunoblots normalized with IgG (bottom ). B. NPM interacting with p65, Sp1, or AP-2. Chromatins from the treated and untreated VA13 and HepG2 cells were precipitated using NPM, TFIIB, or IgG antibody. The enhancer and promoter regions (top ) and Sp1, AP-2a, and NPM (bottom ) were quantified with several controls as described above. C. Effect of AP-2 on interaction among p65, NPM, and Sp1. Increasing concentrations of AP-2 were transfected into HepG2 cells and chromatin from the transfected cells was precipitated using NPM, TFIIB, or IgG antibody. The enhancer and promoter regions were quantified (top ) and effect of AP-2a on precipitation of p65 and Sp1 was quantified by immunoblots (bottom ) with the loading controls.
red-a-D-galactopyranoside monosodium (Roche Molecular Biochemicals) as a colorimetric substrate with SpectraMax (Molecular Devices) at 574 nm. Transcription activity was estimated by h-gal-normalized luciferase responses.
Immunoblotting Analysis
To quantify protein levels, 50 to 100 Ag cell extracts were fractionated on 8% (w/v) SDS-PAGE polyacrylamide gel, transferred to nitrocellulose membranes, and blotted with AP-2 expression construct with the two-hybrid system of Sp1/BD to NPM/AD (C) or p65/BD to NPM/AD (D). The effect of expressed AP-2a on the two-hybrid reactions was analyzed. Significant differences (P < 0.01) in the two-hybrid reaction compared with the activation domain vector-only control are indicated (arrows ). E. Role of interaction between AP-2 and NPM in transcription regulation. Immunoprecipitation was done to pull-down nuclear extracts (NE ) from the TIT-treated or untreated VA13 cells using AP-2a antibody and IgG control. The amounts of Sp1, NPM, and p65 in the supernatants and pellets were quantified by immunoblots using the relevant antibodies. Cell extracts (CE ) were used to indicate the identical proteins that respond to TIT treatment. h-Actin or IgG served as loading control for the section of CE or EC, respectively. primary antibodies to the MnSOD, p50, p65, Sp1, AP-2a, NPM, and h-actin. The primary antibodies to MnSOD, NPM, and h-actin were obtained from Upstate Biotechnology, NeoMarkers, and Sigma, respectively. The primary antibodies to p50, p65, Sp1, and AP-2a and all secondary antibodies were purchased from Santa Cruz Biotechnology. A goat anti-mouse IgG-horseradish peroxidase-conjugated secondary antibody was used to quantify Sp1, AP-2, NPM, and h-actin, and a goat anti-rabbit IgG-horseradish peroxidase-conjugated secondary antibody was used for p50, p65, and MnSOD. Human h-actin was used as an internal control to normalize other proteins. Immunoblots were visualized by an enhanced chemiluminescence detection system (Amersham Pharmacia Biotechnology).
Immunoprecipitation
Nuclear extracts (50 Ag) were incubated overnight with 1 Ag AP-2a and control IgG antibodies at 4jC. Subsequently, 20 AL protein A/G agarose (Santa Cruz Biotechnology) were added to the mixture and the extracts were incubated for 4 h at 4jC. Immunocomplexes were precipitated by centrifugation for 5 min at 2,500 rpm at 4jC. The supernatants were collected and the pellets were washed four times with RIPA buffer [9.1 mmol/L Na 2 HPO 4 , 1.7 mmol/L NaH 2 PO 4 , 150 mmol/L NaCl, 0.5% sodium deoxycholate, 1% (v/v) NP-40, and 1% SDS (pH 7.2)] and resuspended in 20 AL of 2Â sample loading buffer. The supernatants and pellets were fractionated by the SDS-PAGE gel and blotted with primary antibodies to Sp1, p65, NPM, and IgG.
Nuclear Extraction and Electrophoretic Mobility Shift Assay
AP-2a expression construct was transfected into HepG2 cells and nuclear proteins were extracted from the transfected cells as described previously (11) . A fragment (-53 to -25) containing the M3 or wild-type was labeled with [g-32 P]ATP by T4 DNA kinase (New England Biolabs). The probes were purified on 20% (w/v) polyacrylamide gel and quantified by scintillation counting (Beckman). Nuclear extracts (10 Ag) were incubated with 0.5 pmol/L probes on ice for 30 min and then separated on 4% (w/v) polyacrylamide gel in 0.5Â TBE electrophoresis buffer. A 100-fold concentration of cool probe (self) and 100-fold concentration of 30-bp oligonucleotides containing sequences of the multiple cloning sites in the pGL3 vector (nonself) were included for probe competition. To detect supershift by the specific antibody, 2 Ag Sp1 and AP-2a antibodies were added to the nuclear extracts 1 h before incubation with the probes. After electrophoresis, gels were dried and scanned by Typhoon 8600.
Chromatin Immunoprecipitation
A ChIP-IT system (Active Motif) was used to investigate interaction between transcription factors and the SOD2 enhancer and promoter regions according to the manufacturer's protocol. Briefly, chromatins extracted from TIT-treated or AP-2a-transfected cells were pulled down using antibodies to NPM, p65, Sp1, and AP-2a. After multiple washings, DNA and proteins were purified from the immunoprecipitated chromatins. A quantitative PCR procedure was used to quantify the SOD2 promoter and enhancer regions. In the control group, a fragment from the SOD2 exon 2 was amplified as an untargeted control, the GAPDH promoter region pulled down by the TFIIB antibody was amplified as a loading control, and chromatins pulled down by IgG served as the negative antibody control. PCR primer pairs and conditions for each target have been described (12) . In addition, immunoblotting analysis was used to quantify the associated proteins in the chromatin immunoprecipitation preparations.
RNA Interference
siRNA was used to selectively knock down Sp1, AP-2a, p50, p65, and NPM. The cultured cells were transfected or cotransfected with 5 nmol/L siRNA to target those proteins in a serum-reduced Opti-MEM (Invitrogen). The siRNA molecules were purchased from Santa Cruz Biotechnology. After siRNA transfection, the targeted proteins were measured by immunoblotting with the protein-specific antibodies and effects of the siRNA targeting on regulation of transcription were estimated by reporter responses.
Two-Hybrid Analysis
A mammalian hybridization system (Promega) was used to detect protein-protein interactions. Tested proteins were subcloned previously in either pBIND or pACT to tag them with either the Gal4 binding fusion domain or the VP16 activation fusion domain; the procedure for the two hybridizations has been described (11, 12) .
Statistical Analysis
Multiple independent cell transfections and reporter assays were done. Statistical significances between the different constructs or treatments were analyzed using one-way ANOVA and Tukey's Multiple Comparison Test followed by data analysis with GraphPad Prism version 4.0. Differences in the comparison tests lower than P < 0.01 were considered to be insignificant.
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